Materials with tunable dielectric properties are valuable for a wide range of electronic devices, but are often lossy at terahertz frequencies. Here we experimentally report the tuning of the dielectric properties of single-walled carbon nanotubes under light illumination. The effect is demonstrated by measurements of impedance variations at low frequency as well as complex dielectric constant variations in the wide frequency range of 0.1-1 THz by time domain spectroscopy. We show that the dielectric constant is significantly modified for varying light intensities. The effect is also practically applied to phase shifters based on dielectric rod waveguides, loaded with carbon nanotube layers. The carbon nanotubes are used as tunable impedance surface controlled by light illumination, in the frequency range of 75-500 GHz. These results suggest that the effect of dielectric constant tuning with light, accompanied by low transmission losses of the carbon nanotube layer in such an ultra-wide band, may open up new directions for the design and fabrication of novel Terahertz and optoelectronic devices. † Electronic supplementary information (ESI) available: Raman spectra of the SWCNT samples (Fig. S1) ; dry transfer method steps of the SWCNT layer onto a quartz substrate (Fig. S2) ; time dependence of the phase shift in the SWCNTloaded DRW with 4 and 20 minutes on/off illumination cycles (Fig. S3 ). Methods: carbon nanotube sample characterization; THz TDS measurement setup; THz VNA measurement setup. See
Introduction
Terahertz (THz) technologies meet nowadays an expanding academic and industrial interest. 1 The design of basic components in the frequency range of 0.1-1.0 THz is relevant for a wide range of applications, such as telecommunications, radar and imaging systems, material spectroscopy, and medical imaging and diagnosis. [2] [3] [4] [5] [6] With that development in mind, dielectric waveguides and in particular dielectric rod wave-guides (DRWs) are one of the prospective platforms for THz electronics. 7 Notably, designed and fabricated phase shifters, amplifiers, active and passive antennas, and electrically controllable attenuators have already been demonstrated. [8] [9] [10] [11] [12] Dielectric waveguides offer a considerable reduction of the propagation losses in comparison to standard metal waveguides. 13, 14 Another noteworthy property of the DRWs is that semiconductor devices such as Gunn or Impatt diodes, mixers and detectors, modulators, and oscillators, can be fabricated in situ on the semiconducting waveguide. 15, 16 Furthermore, dielectric waveguides do not have a cut-off frequency, enabling ultra-wide band operation. 17 The DRW is an open, i.e., not metal-shielded, waveguide system that can be affected with external electro-magnetic fields including light. Consequently, by covering a wall of the waveguide with a variable impedance layer, the propagation constant can be dynamically tuned. 9 One of the first applications of optically controlled phase-shifters based on a generated plasma layer in silicon DRWs was reported by Lee et al. 18 Materials with electrically and/or optically tunable properties, such as high impedance surfaces, are thus relevant for a number of applications like phase shifters, attenuators, and steerable antennas. 19, 20 However, existing materials with tunable impedance are usually very lossy at the millimeterwave and THz frequencies. 21 Therefore, novel nanomaterials and metamaterials are extensively studied, and have been shown to display attractive electronic and optoelectronic properties. 22 For instance, single-walled carbon nanotube (SWCNT) layers were used for optically-controlled phase shifters. 23, 24 The simplicity of the SWCNTs deposition on a wide range of substrates is suitable for large surface area devices, e.g. for the fabrication of reflector surface coatings, absorbers, sensor matrices, and antennas. 25, 26 SWCNT-based components can also be integrated with DRW antenna elements for THz beam steering applications. 27 The propagation characteristics of DRWs loaded with SWCNTs on polyethylene terephthalate (PET) substrates were studied theoretically and experimentally. 28 The propagation losses were shown to decrease in the range of 75-320 GHz due to rapid decrease of the SWCNT layer's conductivity with the frequency. 28 However, the tunability of the dielectric properties of SWCNT in the THz range has not been reported yet, or is limited to DC characterization in the form of photocurrent measurements in response to optical and THz illumination. 29, 30 In this paper, we experimentally investigate SWCNT layers under light illumination through a wide range of techniques and frequencies, with the aim to integrate them as tunable impedance surfaces for THz applications. The results presented here include: characterization with scanning electron microscopy (SEM), transmission electron microscopy (TEM), optical spectroscopy in the 200-2500 nm wavelength range, and Terahertz time domain spectroscopy (THz TDS) in the 0.2-1 THz frequency range. We also propose a design of optically-controlled THz phase shifters based on SWCNT-loaded DRWs. The devices are characterized by vector network analyzer (VNA) S-parameter measurements in the 75-500 GHz frequency range. Throughout the study, we demonstrate the pertinence of SWCNTs for their integration as tunable impedance surfaces in very broadband THz applications. Thin carbon nanotube layers' conductivity can be optimized to decrease the induced propagation losses; and light illumination is shown to modify their complex dielectric constant.
Results and discussion
Carbon nanotubes were synthesized by aerosol chemical vapor deposition, with precise control over their morphology, bundle formation, and layer thickness. 31 The method of SWCNT production in the aerosol phase allows producing SWCNTs with very high quality. 32 The absorbance spectrum of the sample, prepared by dry transfer method onto a quartz substrate (see ESI, Fig. S2 †) is shown in Fig. 1a . The carbon nanotube intrinsic peaks are observed: π-plasmon peak (∼260 nm) originating from sp 2 hybridized bonds, S 11 peak due to the first electron transitions in semiconducting SWCNTs, and M 11 peak due to the first transitions in metallic SWCNTs. From these results, the nanotube diameter, density and the thickness of the layer can be estimated according to ref. 33 . The SWCNTs diameters of 1.3-2.0 nm were calculated from the S 11 peak position according to the Kataura plot. 34 Fig. 1b and c show respectively a SEM image of the SWCNT network on quartz substrate and a TEM image of the individual nanotubes. Raman spectra of the samples are shown in Fig. S1 . † Both high ratio of G/D peak intensities in the Raman spectra, widely used to estimate the quality of SWCNTs, and TEM observations allow supposing that all carbon is incorporated within the SWCNT lattice (see additional discussion of the SWCNT characterization in the ESI †). 33, 35 SWCNT layers were deposited by press dry transfer from the nitrocellulose filter onto the samples, as illustrated in Fig. S2 . † The different samples included quartz substrates with gold contact electrodes, sapphire DRWs, and polytetrafluoroethylene (PTFE) substrates.
In order to demonstrate the optical tuning of the dielectric constant, we performed a first direct impedance measurement at low frequency. A SWCNT layer was applied on a quartz substrate with dual parallel gold electrodes and illuminated by a laser with a wavelength of 532 nm, as shown in the schematic drawing in Fig. 1d . The measured capacitance and resistance of the sample were both decreasing under cyclic illumination (Fig. 1e) . The observed capacitance variation is around 10%, while the resistance variation is under 0.2%. This measurement allows supposing that the dielectric constant tuning is more sensitive to light illumination than the conductivity tuning.
To characterize the optical tuning of the dielectric constant of the SWCNTs in a wide frequency range, we performed terahertz time domain spectroscopy on the samples. THz TDS is a powerful tool actively developed since the 1990s for the measurement of dielectric properties of materials ( permittivity, conductivity and permeability). It is based on the generation and the detection of ultra-short pulses by a coherent and time-gated method using near-infrared femtosecond (fs) lasers. The complex dielectric constant of materials can be calculated from the amplitude and phase measurements of the THz pulse's spectral components. 36 A schematic diagram of the THz TDS setup is shown in Fig. 2a . 37, 38 A fs infrared laser pulse was split into two beams with the ratio of 1 : 9. The "probe beam" contained 10% of the energy and the "pump beam" -90%. The generation of the THz signal occurred on an InAs crystal in a magnetic field of 2 T. After passing through an IR filter, the THz beam irradiated the sample. The sample was simultaneously illuminated with a laser in continuous wave mode at a wavelength of 980 nm with optical power varied from 1 mW to 2 W. The illumination area was approximately 4 cm 2 . The complex conductivity of the SWCNTs (σ CNT ) was obtained from the measured transmission data: 39σ
where Z 0 is the impedance of free space, f is the frequency, and n sub is the complex refractive index of the substrate. Ê( f ) and Ê 0 ( f ) are the Fourier transforms of the detected THz wave transmitted through the SWCNT layer on the PTFE substrate, and the PTFE alone, respectively. The complex dielectric constant of the SWCNTs (ɛ CNT ) was then expressed as: 40
where ε 0 is the vacuum permittivity and d CNT is the thickness of the SWCNT layer (d CNT = 55 nm, calculated from the optical absorbance at 550 nm (ref. 41) ). Peak amplitudes of the detected THz pulses (see inset of Fig. 2b) were recorded as a function of the sample illumination. An average increase of 8% in the amplitude is observed during illumination, as shown in Fig. 2b . The excitation wavelength here is different from the laser wavelength used for the direct impedance measurements, corresponding to a different optical absorbance value of the SWCNT layer. We thus acknowledge that the comparison is only valid qualitatively. The measured complex dielectric constant of the SWCNTs, calculated from (2), is shown in Fig. 2c and d . Without illumination, the imaginary part of the dielectric constant globally decreases with the frequency, similar to ref. 28 . The real part of the dielectric constant is negative below 0.3 THz. Moreover, it exhibits a resonant behavior that suggests that the conductivity cannot be described by the simple Drude model. Instead, one can use a Drude-Lorentz model combined with the Maxwell-Garnett theory. 42 Under illumination of the SWCNTs, the real part of the sample's dielectric constant is increasing, while the imaginary part is decreasing, with augmenting light intensities of 0.312, 0.47, and 0.7 W cm −2 . We explain the modification of the dielectric constant under illumination by an optically induced polarization of the carbon nanotubes 43 and electronic transitions between the Van Hove singularities. To be confirmed, this effect requires further systematic studies of the illumination parameters and the SWCNTs types, such as length, diameter, chirality, and layer thickness. Nevertheless, the currently observed tuning range is significant and we believe the effect will see potential applications in novel terahertz and optoelectronic devices.
We propose a practical implementation of the dielectric constant tuning in optically-controlled THz phase shifters. Thin SWCNT layers were applied onto the wall of dielectric rod waveguides, as shown on the schematic of the experimental setup in Fig. 3a and image in Fig. 3b . The suspended rod tapers were then inserted in two standard metal waveguide ports. Full two-port S-parameter measurements were performed with a vector network analyzer in the 75-500 GHz frequency range.
The results of the VNA measurements are given in Fig. 3 . The amplitude shift, induced by light illumination of the SWCNT-loaded DRW, is shown in Fig. 3c . The variation of the return losses and the propagation losses is for both values below 0.8 dB, in the whole measured frequency range. The relative phase shift between the illuminated and the non-illuminated state of the SWCNT layer is given in Fig. 3d . An approximately linear relation between the phase shift and the frequency is observed. The tuning of the dielectric constant of the SWCNT layer, located on a wall of the DRW, induces the change of the propagation constant inside the waveguide. The altered phase velocity over the length of the SWCNT layer provokes a phase shift compared to the non-illuminated state. Meanwhile, the conductivity change is negligible and almost no additional losses due to the nanotubes are detected, confirming the impedance measurements in Fig. 1e . The time dependence of the phase shifting effect was also measured with the VNA setup at several discrete frequencies of 150, 220, 400 and 500 GHz. The SWCNT layer illumination was performed in 2, 4 and 20 minute-long on/off cycles to record the dynamics of the effect. The results of the phase measurements are given in Fig. 3e and additionally in Fig. S3 . † Long-term drifts, most probably due to room temperature variations, were subtracted for easier comparison between the measurements. The observed phase increases/decreases when the illumination is respectively activated/deactivated. The amplitude of the phase shift also increases with the frequency, which confirms the optical control of the phase shift.
Conclusions
We have experimentally demonstrated the tuning of the dielectric constant of single-walled carbon nanotubes under light illumination. The effect was illustrated by direct impedance measurements at low frequency as well as complex dielectric constant measurements in the wide frequency range of 0.1-1 THz by means of time domain spectroscopy. We suppose that the dielectric constant is tuned due to the unique optical absorption properties of carbon nanotubes, such as lightinduced polarization change. However, further studies with varying illumination parameters and SWCNT samples will be needed to confirm the theory. The effect was also applied for the design of terahertz phase shifters based on dielectric rod waveguides loaded with thin carbon nanotube layers. The phase shifters were shown to work in the frequency range of 75-500 GHz due to the impedance change of the carbon nanotube layer by light illumination. We believe that the effect of complex dielectric constant tuning under light illumination, accompanied by low level of propagation losses of the SWCNT layer in such an ultra-wide band, will open up new approaches for the design and fabrication of novel low-loss and compact terahertz and optoelectronic systems.
Experimental details
Experimental details are given in the ESI. †
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